angiotensin ii (ang ii) is an important bioactive peptide in the renin-angiotensin system, and it can contribute to cell proliferation and cardiac hypertrophy. dysfunctions in transient receptor potential canonical (TrPc) channels are involved in many types of cardiovascular diseases. The aim of the present study was to investigate the role of the TrPc channel inhibitor SKF-96365 in cardiomyocyte hypertrophy induced by ang ii and the potential mechanisms of SKF-96365. H9c2 cells were treated with different concentrations of ang ii. The expression levels of cardiomyocyte hypertrophy markers and TrPc channel-related proteins were also determined. The morphology and surface area of the H9c2 cells, the expression of hypertrophic markers and TrPc channel-related proteins and the [ 3 H] leucine incorporation rate were detected in the ang ii-treated H9c2 cells following treatment with the TrPc channel inhibitor SKF-96365. The intracellular ca 2+ concentration was tested by flow cytometry. The present results suggested that the surface area of H9c2 cells treated with ang ii was significantly increased compared with untreated H9c2 cells. The fluorescence intensity of α-actinin, the expression of hypertrophic markers and TrPc-related proteins, the [ 3 H] leucine incorporation rate and the intracellular ca 2+ concentration were all markedly increased in the ang ii-treated H9c2 cells but decreased following SKF-96365 treatment. The present results suggested that ang ii induced cardiomyocyte hypertrophy in H9c2 cells and that the TrPc pathway may be involved in this process. Therefore, SKF-96365 can inhibit cardiomyocyte hypertrophy induced by ang ii by suppressing the TrPc pathway. The present results indicated that TrPc may be a therapeutic target for the development of novel drugs to treat cardiac hypertrophy.
Introduction
cardiac hypertrophy is characterized by an increase in the volume of myocardial cells without cell division, resulting in increased protein accumulation in cells and increased formation of new sarcomeres and myofibrils. Cardiac hypertrophy induced by prolonged stress can lead to heart failure, which may increase the incidence and mortality rates of patients suffering from cardiovascular diseases (1) . Therefore, understanding the mechanism of cardiac hypertrophy is important in the field of cardiovascular diseases. Compensatory hypertrophy after myocardial failure involves a series of complex events at the cellular and molecular levels that may lead to structural and functional changes in the myocardium (2) . To the best of our knowledge, treatment of advanced heart failure consists primarily of palliative care. Therefore, understanding the signaling pathway involved in cardiomyocyte growth may provide new therapeutic targets for the treatment of cardiac hypertrophy.
angiotensin ii (ang ii) is an effector of the renin-angiotensin system, and it can increase blood pressure by inducing vasoconstriction via the activation of the angiotensin receptor system (3) . an increasing number of studies have shown that ang ii serves an important role in cardiac hypertrophy in vitro and in vivo (4) (5) (6) (7) . The ang ii-mediated cardiomyocyte hypertrophy model has become an increasingly popular model to investigate cardiac hypertrophy (8, 9) . The H9c2 cell line, an established cardiomyocyte cell line derived from embryonic rat ventricular tissue, is an important model for studying hypertension-induced cardiac hypertrophy (10) . Therefore, the present study constructed a model of cardiomyocyte hypertrophy in H9c2 cells using ang ii treatment.
The transient receptor potential (TrP) channel gene was discovered in the visual transmission system of Drosophila (11) . The trp mutation in Drosophila, which prevents ca 2+ signaling in the photoreceptors of Drosophila, results in transient spikes but not sustained spikes under continuous light stimulation (12, 13) . according to amino acid sequence homology, the 28 mammalian TrP channels are divided into seven subfamilies: TrP canonical (TrPc), TrP ankyrin (TrPa), TrP melastatin (TrPM), TrP vanilloid (TrPV), TrP polycystin (TrPP), TrP no mechanoreceptor potential c (TrPn) and TrP mucolipin 7 (TrPMl7) (14) . The mammalian homologues that display the greatest similarity to the Drosophila TrP protein have been named TrP canonical channels (15) . The TrPc subfamily consists of seven subtypes (TrPc1-TrPc7), which are generally composed of heteropolymers and are highly expressed in myocardial fibroblasts and myocardial cells (16) . TrPc channels have six transmembrane domains, named S1-S6, and a nonselective cation channel is formed between the S5 and S6 segments at the n-terminus, allowing cations such as calcium ions to pass through the cell membrane (17) . The n-termini of TrPc channels have 3 or 4 anchoring protein-like repeat structures, which can regulate the release of calcium ions in the calcium pool by binding to the anchoring protein (18) . TrPc channels are expressed in a number of organs, are important for organogenesis, and their dysfunction may result in organ damage (19) . TrPc channel family members are the molecular basis of receptor-operated ca 2+ channels (rocs) and store-operated ca 2+ channels (Socs) on the cell membrane. TrPc3, TrPc6 and TrPc7 function as rocs (20) , and TrPc1, TrPc4 and TrPc5 function as Socs (21) (22) (23) . ca 2+ plays a crucial role in maintaining cardiovascular physiological functions, such as cardiac contractility, hemodynamic stretching, expansion and repair (24) . Malfunctions of TrPc channels are closely associated with a number of cardiovascular diseases (25, 26) . Therefore, TrPc channels have been regarded as drug therapeutic targets for cardiac hypertrophy (27) . a number of previous studies have demonstrated that the expression of TrPc1, TrPc5, TrPc6 and TrPc7 are markedly upregulated in cardiac hypertrophy, and accumulating evidence has demonstrated that TrPc channels are related to cardiac hypertrophy (28) (29) (30) (31) . Whether TrPc channels have a role in the development of cardiomyocyte hypertrophy, and whether TrPc channels are involved in the process of cardiomyocyte hypertrophy induced by ang ii remain unclear. in addition, the potential roles of TrPc channels in cardiomyocyte hypertrophy requires further investigation.
in the present study, the effects of three doses (1, 5 and 10 µM) of SKF-96365, a non-selective TrPc inhibitor, on ang ii-induced cardiomyocyte hypertrophy were investigated in H9c2 cells, and its possible mechanisms were examined.
Materials and methods
Cell culture. H9c2 cardiomyocytes were obtained from chi Scientific, Inc., and cultured in complete high-glucose DMEM [cat. no. 06-1055-57-1acS; Biological industries (Bi)] with 10% FBS (cat. no. 04-001-1acS; Bi) and 1% penicillin/streptomycin (cat. no. 03-031-1B; Bi). The cells were incubated with 5% co 2 at 37˚C.
Establishment of cardiomyocyte hypertrophy. The cells were divided into four groups: i) The 0 µM ang ii group (control); ii) the 0.01 µM ang ii group; iii) the 0.1 µM ang ii group; and iv) the 1 µM ang ii group. after treatment for 72 h, the cells were collected to detect the protein expression levels of two factors associated with cardiomyocyte hypertrophy, such as atrial natriuretic peptide (anP) and α-actinin, by western blot assay. The optimal concentration to induce cell hypertrophy in subsequent experiments was selected as 0.1 µM because it induced the highest expression of anP and α-actinin compared with the other concentrations.
Drug treatment. H9c2 cells were divided into five groups: i) The control group; ii) the 0.1 µM ang ii group; iii) the 0.1 µM ang ii+1 µM SKF-96365 group; iv) the 0.1 µM ang ii+5 µM SKF-96365 group; and v) the 0.1 µM ang ii+10 µM SKF-96365 group. The cells were pretreated with SKF-96365 for 30 min and subsequently treated with ang ii for an additional 72 h. SKF-96365 was purchased from Selleck chemicals (cat. no. S7999).
Measurement of cell surface area. cells were digested into a cell suspension by 0.25% trypsin for 30 sec at 37˚C, and the degree of digestion was controlled to avoid cell shrinkage. a total of five fields were randomly selected for each group, and 20 cells were randomly selected from each field for imaging. The cell surface area (µm 2 ) was measured using imageJ 2x software (rawak Software, inc.), and the mean value was calculated.
Detection of protein synthesis rate. The protein synthesis rate of cells in all groups was determined by a [ 3 H] leucine incorporation assay (8) . The cultured cells were treated with a [ 3 H] leucine isotope marker (Ge Healthcare life Sciences) 12 h before the test. The medium was removed, and the cells were rinsed twice with PBS. The cells were digested with 0.25% trypsin and repeatedly agitated for 4 min to detach the cells. The cell suspension was added to a glass fiber filter membrane to remove the liquid, dried and fixed with 5% trichloroacetic acid for 30 min at 4˚C, and the free isotope markers were washed away. The membrane was dried and placed in a 5 ml flask with scintillation solution. The radioactive intensity was detected by a liquid scintillation counter (MicroBeta; Perkinelmer, inc.). The data are expressed as counts/min. Measurement of intracellular Ca 2+ concentration. cells were cultured in special confocal dishes and washed with PBS 2-3 times. Then, cells were treated with 100 µl of a 5 µM Fluo-4/aM calcium fluorescent probe solution (Beyotime Institute of Biotechnology), and were incubated at 37˚C for 30 min. after incubation, the cells were washed with PBS 2-3 times, and 1 ml PBS was added to the cells. The Fluo-4/aM positive cells were detected by flow cytometry (Sysmex Partec GmbH) at an excitation wavelength of 488 nm and an emission wavelength of 512-520 nm. The fluorescence intensity of the cells was also quantitatively analyzed using FlowMax version 2.8 flow cytometry software (Sysmex Partec GmbH).
Reverse transcription-quantitative PCR (RT-qPCR) assay.
The expression of anP, nuclear factor of activated T-cells (nFaT), α-actinin, β-myosin heavy chain (MHc), TrPc3 and TrPc6 at the mrna level was determined by rT-qPcr assay. Total rna was obtained by Trizol ® reagent (invitrogen; Thermo Fisher Scientific, Inc.). The RNA concentration was measured by a nanodrop 2000 (Thermo Fisher Scientific, inc.). Then, cdna was synthesized from the total rna with PrimeScript RT Mix Kit (Takara Bio, Inc.) at 37˚C for 15 min and then 85˚C for 5 sec. The cDNA was amplified with SYBR Green PCR Mix (Thermo Fisher Scientific, Inc.) and an ABI 7300 system (Thermo Fisher Scientific, Inc.). The following thermocycling conditions were used for the qPcr: initial denaturation, 95˚C for 10 min; followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The expression levels were normalized to that of GaPdH. The primers for qPcr are as follows: TrPc3-forward (F), 5'-TGT GGT cTG aGT Gca aGG aG-3' and TrPc3-reverse (r), 5'-acc TcT GGT GGG aGT GTG ac-3'; TrPc6-F, 5'-TTT GcT Gaa GGc aaG aGG TT-3' and TrPc6-r, 5'-TTG TTT cTG GcT Gca TTc TG-3'; anP-F, 5'-aTa caG TGc GGT GTc caa ca-3' and anP-r, 5'-cGa GaG cac cTc caT cTc Tc-3'; brain natriuretic peptide (BnP)-F, 5'-GGa aaT GGc Tca GaG aca Gc-3' and BnP-r, 5'-cGa Tcc GGT cTa TcT TcT Gc-3'; β-MHc-F, 5'-ccT cGc aaT aTc aaG GGa aa-3' and β-MHc-r, 5'-Tac aGG TGc aTc aGc Tcc aG-3'; GaPdH-F, 5'-cTc aTG acc aca GTc caT Gc-3' and GaPdH-r, 5'-TTc aGc TcT GGG aTG acc TT-3'.
Western blotting assay. Protein was extracted with riPa lysis buffer (Beyotime institute of Biotechnology). Total protein was quantified using a Bicinchoninic Acid Assay kit (Beyotime institute of Biotechnology). a total of 40 µg of protein was used for 10% SdS-PaGe and transferred to PVdF membranes. Subsequently, the membranes were blocked with 5% skim milk at 4˚C overnight. The membranes were incubated with the following primary antibodies overnight at 4˚C: anti-ANP (1:1,000; cat. no. A14755; ABclonal Biotech co., ltd.), anti-nFaT2 (1:1,000; cat. no. a1539; aBclonal Biotech co., ltd.), anti-α-actinin (1:1,000; cat. no. sc-17829; Santa cruz Biotechnology, inc.), anti-β-MHc (1:1,000; cat. no. a7564; aBclonal Biotech co., ltd.), anti-TrPc3 (1:1,000; cat. no. a7742; aBclonal Biotech co., ltd.), anti-TrPc6 (1:1,000; cat. no. bs-2393r; BioSS) and anti-GaPdH (1:2,000; cat. no. ac033; aBclonal Biotech co., ltd.). Subsequently, the membranes were incubated with a horseradish peroxidase (HrP) conjugated goat anti-rabbit immunoglobulin (ig)G secondary antibody (1:5,000; cat. no. bs-0295G-HrP; BioSS) or HrP-conjugated goat anti-mouse igG secondary antibody (1:5,000; cat. no. aS003; aBclonal Biotech co., ltd.) for 2 h at room temperature. The membranes were detected with immobilon Western HrP substrate (eMd Millipore). The bands were semi-quantified by ImageJ 2x software (Rawak Software, inc.).
Immunofluorescence assay. a total of 1x10 5 cells were seeded in 6-well plates. After treatment, the cells were fixed in 4% paraformaldehyde (PFa) for 30 min at room temperature, permeabilized with 0.2% Triton X-100 for 5 min at room temperature and then blocked with 5% BSa for 30 min at room temperature. Then, the cells were incubated with the α-actinin antibody (1:100) in PBS, a FiTc-conjugated goat anti-mouse igG antibody (1:50; cat. no. aS001; aBclonal Biotech co., ltd.) for 30 min at room temperature, and daPi (Beyotime institute of Biotechnology) for 5 min at room temperature. The cells from the different groups were observed by fluorescence microscopy (magnification, x200; nikon corporation).
Statistical analysis. data are presented as the mean ± Sd. Statistical analysis was determined by one-way anoVa, followed by Tukey's multiple comparisons test with GraphPad Prism software (version 5.0a; GraphPad Software, inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
Cardiomyocyte hypertrophy markers ANP and α-actinin are increased after Ang II treatment, and TRPC channels are involved in this process. The effect of ang ii on the cardiomyocyte hypertrophy markers anP and α-actinin in H9c2 cells was detected by western blot assay. as shown in Fig. 1a , Ang II (0.01 and 0.1 µM) significantly promoted the protein expression levels of anP and α-actinin. The semi-quantitative results of the western blot assay identified that the expression levels of anP and α-actinin were the highest after treatment with 0.1 µM ang ii ( Fig. 1B and c) . according to the results of the western blot analysis, the expression levels of TrPc3 and TrPc6 were higher in the ang ii-treated groups compared with the control group, and their expression levels were higher in the 0.1 µM ang ii-treated group than in the 0.01 µM ang ii-treated group. However, there was no difference between the 0.1 µM ang ii-treated group and the 1 µM ang ii-treated group (Fig. 1a, d and e ). The present results indicated that TrPc channels may be associated with the process of ang ii-induced cardiomyocyte hypertrophy in H9c2 cells. Moreover, 0.1 µM ang ii for 72 h was the optimal concentration for the induction of cardiomyocyte hypertrophy markers anP and α-actinin in H9c2 cells.
SKF-96365 inhibits the expression levels of TRPC3, TRPC6 and cardiomyocyte hypertrophy marker genes in
Ang-II-treated H9c2 cells. To determine the inhibitory role of the TrPc channel inhibitor SKF-96365 on cardiomyocyte hypertrophy in H9c2 cells treated with ang-ii, the expression levels of two genes encoding for TrPc channels, TrPc3 and TrPc6, and the cardiomyocyte hypertrophy markers anP, BnP, and β-MHc by qPcr and western blotting. as shown in Fig. 2a , the present qPcr results showed that SKF-96365 significantly suppressed the increased expression of TRPC3, TrPc6, anP, BnP and β-MHc induced by ang ii. The western blot results were consistent with the qPcr results ( Fig. 2B and c) . These results suggested that SKF-96365 suppressed the expression levels of cardiomyocyte hypertrophy markers in ang ii-treated H9c2 cells.
SKF-96365 inhibits Ang II-induced cardiomyocyte hypertrophy.
To demonstrate the potential inhibitory role of SKF-96365 in cardiomyocyte hypertrophy induced by ang ii, the protein level of α-actinin was examined by immunofluorescence. In addition, the H9c2 cell surface area and the [ 3 H] leucine incorporation rate were investigated in all groups. as shown in Fig. 3, H9c2 cardiomyocytes were attached and exhibited a triangular or irregular shape, and the α-actinin protein was localized in the cytoplasm. ang ii (0.1 µM) markedly increased the size of the cardiomyocytes and the level of α-actinin. However, SKF-96365 markedly decreased the size of the cardiomyocytes and the level of α-actinin in a dose-dependent manner ( Figs. 3 and 4) . These results suggested that the TrPc channel inhibitor SKF-96365 may suppress ang ii-induced cardiomyocyte hypertrophy. as shown in Fig. 4a and B, ang ii (0.1 µM) increased the surface area of H9c2 cells, and SKF-96365 significantly attenuated the increased surface area of H9c2 cells induced by ang ii. ang ii (0.1 µM) also induced an increase in the [ 3 H] leucine incorporation rate compared with the control group, but SKF-96365 inhibited the increased [ 3 H] leucine incorporation rate induced by ang ii in a dose-dependent manner (Fig. 4c) . The present results suggested that blocking TrPc channels inhibited cardiomyocyte hypertrophy induced by ang ii.
SKF-96365 inhibits Ang II-induced intracellular Ca 2+ rise.
The effect of SKF-96365 on the ang ii-induced ca 2+ increase was determined using the ca 2+ indicator Fluo-4/aM and flow cytometry. The Fluo-4 percentage is an indicator of the intracellular ca 2+ concentration. Ang-II (0.1 µM) significantly increased the intracellular ca 2+ concentration compared with the control group, but SKF-96365 inhibited the increased ca 2+ concentration induced by ang-ii in a dose-dependent manner ( Fig. 5a ). in addition, the ca 2+ levels were quantified by flow cytometry (Fig. 5B ).
Discussion
Pathological myocardial hypertrophy, defined as myocardial cell enlargement and cardiac systolic dysfunction, is a risk factor for cardiovascular diseases, and may cause severe arrhythmia and heart failure (32, 33) . However, the molecular mechanisms involved in cardiac hypertrophy are still unclear. in the present study, the effects of SKF-96365, a nonselective TrPc inhibitor, on ang ii-induced cardiomyocyte hypertrophy were investigated in H9c2 cells. The TrP family is a superfamily of nonselective cation-permeable channels that have a crucial role in the pathophysiological process of various diseases (34) (35) (36) . according to amino acid sequence homology, the mammalian TrP channel superfamily has been divided into seven subfamilies: TrPc, TrPM, TrPa, TrPV, TrPP, TrPMl and TrPn (37) . TrPc channels mediate ca 2+ influx controlled by the calcium reservoir (38) . Previous studies have found that the TrPc family is associated with the regulation of tumor growth, invasion and metastasis (39, 40) , is involved in the occurrence and development of central nervous system diseases (41) , and plays a role in primary hypertension and myocardial cell apoptosis (42) . it has been reported that mir-103 exerts an inhibitory effect on cardiac hypertrophy by reducing cardiac autophagy through TrPV3 (43) . TrPa1 inhibition can ameliorate cardiac hypertrophy and fibrosis induced by increased blood pressure in mice (44) . in addition, TrPc1 knockdown protects heart function and morphology in mouse models of pressure overload (45) . Moreover, the inhibition of TrPc6 has antihypertrophic results on the activity of the cardiac anP/BnP-Gc-a pathway (46) . in the present study, the inhibition of TrPc channels suppressed the hypertrophy of H9c2 cells induced by ang ii by decreasing the concentration of ca 2+ . accumulating evidence has indicated that TrPc channels have a pivotal function in the process of cardiac hypertrophy (47, 48) .
SKF-96365 is a non-selective TrPc channel blocker (49) . it was first recommended as an inhibitor of ionotropic receptor-mediated ca 2+ entry (50) . a previous study reported that SKF-96365 suppresses voltage-gated sodium currents in rat ventricular myocytes (51) . The present results show that SKF-96365 strongly reduces the ca 2+ concentration.
ang ii serves an important role in promoting the hypertrophy of myocardial cells, which can increase myocardial cell volume and total protein content, without affecting the number of cells (52, 53) . Previous studies have indicated that ang ii directly regulates myocardial contractility and hypertrophic growth (54) . The present results suggest that ang ii induced high levels of TrPc3 and TrPc6 in H9c2 cells. a previous study showed that TrPc3 and TrPc6 are crucial for ang ii-induced cardiac hypertrophy (55) , consistent with the present results. Harada et al (56) found that TrPc3 is highly expressed in freshly harvested rat cardiac fibroblasts and that pyrazole-3, as a selective TrPc3 channel blocker, inhibits ang ii-induced calcium ion flow, thus reducing fibroblast proliferation. The present results indicated that SKF-96365, a nonselective TrPc inhibitor, suppressed cardiomyocyte hypertrophy markers and TrPc3 and TrPc6 expression. in a previous study, Gao et al (57) demonstrated that nifedipine is more efficient than SKF-96365 at blocking Ca 2+ influx and cardiac hypertrophy. Because this previous study focused on the source of hypertrophic ca 2+ , the nifedipine (l-type ca 2+ channel antagonist), SKF-96365 (TrP channel antagonist) and nickel (T-type ca 2+ channel antagonist) were chosen to reduce the levels of ca 2+ . The present study aimed to investigate the role of a TrPc channel inhibitor in cardiomyocyte hypertrophy induced by ang ii. Therefore, the TrPc channel inhibitor SKF-96365 was selected to block the TrPc channel pathway. SKF-96365 was initially used as a ca 2+ blocker; however, it was later used as a TrPc channel blocker (58) . in the present study, the role of SKF-96365 was investigated in myocardial hypertrophy, and the present results provided a theoretical basis for the use of SKF-96365 in clinical practice. in the present study a cardiomyocyte hypertrophy model was established using H9c2 cells treated with 0.1 µM ang ii. after treatment with 1, 5 or 10 µM SKF-96365, the expression levels of various cardiomyocyte hypertrophy markers were investigated, including anP, BnP, and β-MHc, and the TrPc channel-related genes TrPc3 and TrPc6 were investigated. In addition, the fluorescence intensity of α-actinin, the cell surface area, the protein synthesis rate, and the intracellular ca 2+ concentration were examined. SKF-96365 was found to decrease the expression levels of anP, BnP, β-MHc, TrPc3 and TrPc6 induced by ang ii in a dose-dependent manner. SKF-96365 significantly suppressed the increased cell surface area and the protein synthesis rate induced by ang ii. Furthermore, the intracellular ca 2+ concentration was decreased by SKF-96365 treatment. The present data suggested that SKF-96365 inhibited ang ii-induced cardiomyocyte hypertrophy by decreasing the intracellular ca 2+ concentration. Therefore, the non-selective TrPc inhibitor SKF-96365 may be considered as a potential treatment for myocardial hypertrophy.
